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The protonation of methyl yellow (MY) leads to a tautomeric equilibrium involving the azo and hydra-
zone species, where the latter is predominant. Electronic and Raman spectroscopic data show that when
MY in acidic medium is included in cyclodextrins, there is an inversion in the relative ratio of tautomers,
in which the azo species become the major species. This indicates that the azo bond is included in cyclo-
dextrin precluding its protonation. The understanding of the protonation, tautomeric and inclusion equi-
libria of these systems plays an important role in the designing of cyclodextrin based molecular machines
controlled by light.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Cyclodextrin based molecular machines have been successfully
designed over the last years and several supramolecular switchable
systems have been described in literature [1–7]. The research of
such systems is based on the assembly/disassembly behavior by
an external stimuli, as photoexcitation, pH, thermal and chemical
or electrochemical processes [8–10]. In particular, the azobenzene
derivatives are suitable candidates for the construction of photo-
switchable molecular systems since the cis–trans isomerization
over the azo bond allows the control over the inclusion process
by photoirradiation [3–5,7,9,11]. In this case, while the cis isomer
is not favorable for the inclusion in cyclodextrin, the trans isomer
is. Hence, when the included trans isomer is excited by a proper
radiation, the molecule is ejected as cis isomer, enabling the inclu-
sion to be reversibly controlled by light [10].
Another interesting feature of the azobenzene derivatives is that
their electronic transitions can be modulated by substituents
attached to phenyl rings, allowing the tuning of the photophysical
properties that govern the isomerization process [12–14]. In the
case of electron donor substituents, as amino groups, there is a sub-
stantial red shift regarding the lower energy electronic transition in
comparison to azobenzene molecule [15,16]. Moreover, the pres-
ence of amino substituents in the azobenzenemoiety opens the pos-
sibility of protonation of distinct basic sites, whose equilibrium
involves two tautomeric species, namely the hydrazone and the
azo tautomers (Figure 1) [15]. In a previous publication we demon-
strated the resonance Raman spectroscopic characterization of such
species supported by quantum chemical calculations [15].sevier OA license.It is noteworthy to mention that the protonation of aminoazo-
benzene derivatives generally leads to a greater proportion of
the hydrazone relatively to the azo tautomer [15]. In this work
we observed the predominance of the azo tautomer over hydrazone
when the inclusion equilibria of cyclodextrins are involved in the
tautomeric equilibrium of methyl yellow in acidic medium. This
behavior was more pronounced when sulfated a-cyclodextrin was
employed, illustrating the role played by anionic groups attached
to cyclodextrins in the inclusion process involving cationic species.
We consider that this ﬁnding is an important step in the under-
standing of the inclusion behavior of azobenzene derivatives, which
can be useful in the designing of assembly/disassembly responsive
systems controlled by photoirradiation and pH [17].2. Experimental
Methyl yellow (MY) or 4-dimethylaminoazobenzene (C14H15N3,
99.5% Merck) and cyclodextrins (a-cyclodextrin and a-cyclodex-
trin sulfated sodium salt hydrate, Aldrich) were purchased and
used without further puriﬁcation.
The electronic absorption spectra (UV–vis) were obtained in a
Shimadzu UV3101 PC using quartz cells of 1 cm of optical path.
The Raman spectra were obtained using the k0 = 363.8 nm line
from an Ar+ laser (Coherent INNOVA 90-6) in a Jobin–Yvon
T64000 triple spectrometer, with CCD detection at 90 scattering
conﬁguration.
The solutions were prepared as follows: from an aqueous solu-
tion of MY at pH 2 and ﬁxed concentration (5  105 mol L1) were
added aqueous solutions of a-cyclodextrins (a-CD and a-CD-S) in
molar ratio of 1, 2, 3, 4, 5, 25, 50 and 100. All the solutions were
analyzed by UV–vis and the solution of 1MY:50 a-CD-S molar ratio
was chose to obtain the Raman spectrum.
Figure 1. Acid–base and tautomeric equilibria of methyl yellow (MY) and the
respective azo and hydrazone tautomers.
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Figure 2 shows the electronic absorption spectra (UV–vis) of MY
with different molar ratios of a-cyclodextrin, a-CD and sulfated
a-cyclodextrin, a-CD-S, in acidic aqueous solutions. The bands at
ca. 512 and 318 nm are assigned to the hydrazone and azo tautom-
ers, respectively (the band at ca. 257 nm is attributed to a-CD-S). In
both cases, it is clearly observed the gradual inversion of the rela-
tive absorbance of the bands assigned to the tautomers with the
increasing of CD concentration. In addition, a red shift of ca.
10 nm of the band assigned to the azo tautomer is observed with
the increasing of CD concentration. The isosbestic points (at ca.
425 and 376 nm in the cases of a-CD and a-CD-S, respectively),
indicate the formation of 1:1 inclusion complex [18]. Although
the same trend was observed when b-cyclodextrins wereFigure 2. Electronic absorption spectra (UV–vis) of methyl yellow (MY) in different
a-cyclodextrin (a-CD) and sulfated a-cyclodextrin (a-CD-S) molar ratio in acidic
aqueous solution.employed, this work shows the results for a-cyclodextrins as such
systems displayed a more efﬁcient complexation behavior with
a-CD relative to b-cyclodextrins.
The inclusion of the azo tautomer is more likely than hydrazone
since the interior of the a-CD is slightly non-polar relative to the
exterior [19]. Therefore, it can be suggested that the inclusion of
the azo bond in its neutral form precludes its protonation, favoring
the predominance of azo tautomer in solution. Furthermore, these
results indicate that the dimethylamino group remains outside the
cyclodextrin, as can be represented in Figure 3.
In the case of the inclusion complex formed by the azo tautomer
and the sulfated a-cyclodextrin (a-CD-S), it can be observed in the
UV–vis spectra (Figure 2) a more pronounced decrease in the
hydrazone tautomer absorption band (or increasing of the azo tau-
tomer absorption band) in the same CD concentration range. It can
be attributed to the stabilization of the protonated dimethylamino
group by the anionic sulfated groups attached to the cyclodextrin.
Using the Benesi–Hildebrand method, the formation constants, Kf,
of the inclusion complexes could be obtained based on theFigure 3. Inclusion complex of azo tautomer in a-cyclodextrin.
Figure 4. Determination of the constants of formation, Kf, for the inclusion
complexes between the azo tautomer and a-cyclodextrin (a-CD) and sulfated a-
cyclodextrin (a-CD-S) by the Benesi–Hildebrand method.
Figure 5. Pre-resonance Raman spectra of free and included azo tautomer in acidic
aqueous solutions excited at k0 = 368.4 nm.
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centrations [20]. Figure 4 shows the plot of the values of [CD]
[MY]/DA against those of [CD], where [CD] and [MY] are the cyclo-
dextrin and MY concentrations, respectively and DA is the
variation in the absorbance values with the cyclodextrin concen-
tration. The quotient between the values of the intercept and the
slope of the curve corresponds to the value of the complex dissoci-
ation constant, KD, i.e. KD = 1/Kf. The band used to obtain the DA
values was from the azo tautomer at kmax = 327 nm.
The formation constants determined by the Benesi–Hildebrand
method were Kf = 1991 mol1 L (DG = 1882 kJ mol1 at 298 K)
and Kf = 10668 mol1 L (DG = 22,98 kJ mol1 at 298 K) for the
complexes between the azo tautomer and a-CD and a-CD-S,
respectively. So, the presence of sulfated groups increased the for-
mation constant by ca. 5 times in comparison to a-CD. In fact, the
UV–vis spectrum of the inclusion complex at a-CD molar ratio of
1:5 is similar to the UV–vis spectrum of the complex at a-CD-S mo-
lar ratio of 1:1 (Figure 2).
In order to conﬁrm the formation of the inclusion complex
between the azo tautomer and the a-CD-S, the Raman spectra
recorded at k0 = 368.4 nm excitation laser line were obtained for
the free and included azo tautomer in a-CD-S (Figure 5). This line
(k0 = 368.4 nm) was chosen since in this excitation the spectrum is
in pre-resonance Raman condition with the azo tautomer
electronic transition (kmax = 318 nm), allowing the vibrational
characterization of such species without the interference of other
species, i.e. the hydrazone tautomer and the cyclodextrin.
The comparison of the spectra of the included and free azo tau-
tomer shows that, in addition to a better signal to noise ratio
resulting from the increasing of azo species, there was a shift in
the wavenumber and an increase of the relative intensity of the
band assigned to N@N stretching, m(N@N), at ca. 1441 cm1.
Although the difference is small, it is worth noting that the shift
by ca. 3 cm1 in comparison to the free azo tautomer is in accor-
dance to the red shift of ca. 10 nm observed in the UV–vis spectra(Figure 2), since the greater electronic delocalization in the mole-
cule causes a decreasing of the N@N bond order. The complex be-
tween the azo tautomer and a-CD (not shown) displayed similar
results.
4. Conclusion
It was shown that the tautomeric equilibrium of azo and hydra-
zone tautomers was shifted by the use of cyclodextrins. The favor-
able inclusion of the azo relative to the hydrazone tautomer was
assigned to the inclusion of the azo bond in the amine-protonated
compound. The use of sulfated a-cyclodextrin showed an increase
by ca. ﬁve times in the complex formation constant in comparison
to a-cyclodextrin. This result revealed the role played by anionic
groups attached to cyclodextrin in the stabilization of protonated
dimethylamino moiety, which probably remains outside the cyclo-
dextrin. The pre-resonance Raman spectra conﬁrmed the inclusion
complex formation by the shifts of the main vibrational bands and
the variation in the relative intensity of the azo bond stretching.
Therefore, this work demonstrated a simple way to control the tau-
tomeric proportion of MY in acidic medium by the proper choice of
cyclodextrin.
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